Office of Naval Research Space and Remote Sensing
1997 Annual Report
DEEP CONVECTION IN THE OCEAN

James C. McWilliams
IGPP, UCLA
Los Angeles, CA 90095-1567
phone: (310) 206-2829, fax: (310) 206-5219, ekmkegg@whoi.edu
Award #: N0O0014-95-1-0316

LONG-TERM GOAL

Our long-term objective is tonderstand how deep camotion, induced by strong buoyancy
forcing at the oean surface, influences the ocean circulatimough conective plumes and
geostrophic eddies.

SCIENTIFIC O BJECTIVES

Issues specific to oceanic deep convection are the relativelygstole of reation, such that
convective Rossby numberpmoprate to the vertical motions may fall below unity; the highly
intermittent nature of the forcing, with the strong impulses coming during the passage of
atmospheric weather systems; the possible highly localizedrreoce of deep coeetion; and

the subsequent spatial redistribution and mixing of convected water byogdastmesoscale
dynamics, which arise in part from insiié of the localized onvection regions. Our particular
research prejcts are computational investigations intende@ljoquantify the extent to which
penetrative mixing occurs at the base of a rotation convective layer, sharpening the pycnocline
and entraining denser fluid from below; (Btdrmine how space/time intermittence in either the
surfacebuoyancy flux or the pre-existingean stratification and circulation relate to the degree
of localization of deep convection; arfd) explore the circumstances under which localized
converted regions are persistent after the buoyancy forcamigslorundergo erosion through
subsequent horizontal mixing and restrasifion of the gyre interior.

APPROACH

High-resolution numerical simulations using the Boussinesq model developed in cooperation with
our colleagues Dr. Keith Julien and Dr. Joseph Werne of NCAR are carried out on grids of 256 x
256 x 129 over domains of 2km x 2km x 1km to invegggplume-scaldynamics. Conditionally
sampled composite techniques are used to isolate the plume structurBsuski@esq model is

also used at coarser resolution over domains of 50 km x 50 km x 2 km to examine interaction
between convection and simple examples of gepkic circulation.

For more complex inhomogeneities in the initial conditions, larger horizontal domains and longer
evolution times are required. Limited computational resolution then prevents resolution down to
the plume scale, and a parameterization of the convective mixing is applied in these large
domains (up to 200 km x 200 km x 4 km). The use of an implicit gravity-wave Boussinesq model
developed by Alistair Adcroft at MIT enables the use of longer timesteps, while representing the
geostrophic adjustment process. We are studying theaatien between the vertical
homogenization forced by the surfdm@yance loss and the preexisting eddy field, including the
development of baroclinic instability, tHerizontal homogenization of the mixed fluid by the
eddy dynamics, and the posiii of persistence of isated cores of mixed fluid, and comparing
these phenomena with observations from the field program.
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WORK COMPLETED
The following works have been corepd:

1. We have completed a series of numerical simulations of convdotioed by homogeneous
cooling into a volume of fluid containing a single geostrophic, cold-core eddy, providing
extensive evidence of localization of convection by anomalies in the preexisting ocean
stratificaton. We have examined the dependence of both the degree of localization of the
convention and the subsequent baroclinic inkalon the strengths of the initial eddy
circulation and stratification anomaly and on the size of thy eelative to the deformation
radius. We have performed &tdiled analysis of the results, examining in particular the
relative importance of buoyancy fluxes due to a secondary circulation compared to those by
small scale plumes and eddies. These results are described in the article “Localization of deep
convection by a mesoscaledy” (Legg, McWilliams, and Gao) in press in theurnal of
Physical Oceanography;

2. We have completed an analysis of the plume structuresirbtilent conection. Plume
structures are extractéwm the turbulent fields assated with conveotin, by conditionally
sampling for maxima in the downward vertical velocity, and calculating a composite plume.
Using the composite to identify typical plumes we have obtained a census of the plume
population and examinedasistics including the amplitude, vertical tilhorizontal radius,
axisymmetry, and vertical length. The composite plume is compared with simple plume
models to identify the predominant physical balances including, in particular, the relative
importance of entrainment and detrainment of plume fluid and forces acting to enlarge and
accelerate plumes crossing thengecting layer. The results of this plume analysis are
described in the article “Plumes in rotating convection: Part | Ensemble statistics and
balances,” Julien, Legg, McWiliams, and Werne, sutedi to the durnal of Fluid
Mechanics;

3. We have developed several versions of a lagrangian particle code, to be used in investigating
the response of massless particles to eotive flow fields. One versn, in which particles
are constrained to particular vertical levels, similar to isobaric floats, has been used to
investigate the rg®nse of floats to cometion in the presence of mesoscale eddies. Another
version, in which particles are asbted by the full 3-D flow field has been used to investigate
the evolution of fluid parcels in individual convective plumes, to complement the composite
analysis described above. Theatdr results are described in the article “Plumes in rotating
convection: Part Il individual plume lifecycles” Julien, Legg, Mtidms, and Werne,
currently in progress;

4. We have collaborated with Ken Fischer et al. at the lBnmental Research Institute of
Michigan by sharing surface fieldsom our localized corection simulations, which they
have used to simulate Synthetic Aperture Radar (SAR) images ofothesating fields.
These simulations investigate the fedisjpoof using SAR to observe the structures of open-
ocean deep conveaoti. An article describing the results, and the faldgitassessment,
“Modeled radar surface signature of deep ocean cowvetK.W. Fischer, S. Legg, W.H.
Munk, R.M. Shuchman, R.W. Garwood, and J.P. Palshook, has beertsdbioi IEEE
Transactions on Geoscience and Remote Sensing;
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5. We have carried out a series of calculations of convection in the presence of mesoscale
eddies, where the eddies are associated with compensating anomalies in Temperature and
Salinity, in addition to the density anomaly previously studied. As the flow evolves in
response to suatebuoyancy loss, considerable structure on a variety of scales isatgher
in the temperature and salinity fields; and

6. Using the implicit gravity-wave model, we are investigating a variety of convection scenarios
in which the initial conditions contain a field of mesoscale eddies, with resultargciibeis
between the eddies determining the eventual degree of homogenization of the flow.

RESULTS
The results are listed as the following:

1. Localization of convectian
Our simulations of convection in the presence of gep& eddies indiate that such
stratification anomalies mgyrovide a mechanism for the long-hypothesized preconditioning
of the ocearfor locally deeper corection. Such anomalies also provide a mechanism for
restratification of the @nvectively mixed regin, as vertical corection is replaced first by
slant-wise conveatn, and then baroclinic instlity with an assoated secondary
circulation. Installity eddies cary the dense fluid outwards, causing the region of deepest
vertical buoyancy flux to migite outwards. Thé&orizontally averaged density field which
results has lighter surface layers, and denser layers than in that generdtaazdoytally
homogeneous convection;

2. Plume structures at low Rossby number
The plume structure identification algorithm allows us to examine the life cycle of a plume,
from emergence from the boundary layer, through its migration across thectivaevayer.
We compared the properties of the evolution of the typical plume vertical momentum,
volume, and heat content, with an idealized entraining plume model such as those
summarized in Turner, 1986. Results gade that initially entrainment leads to expansion of
the plume, but this entrainment quickly ceases, and is replacetbhy stixing between the
plume and environment which modifies plume properties with no change in volume (see
Figure 1). Examination of individual plume lifecycles and théefof particles contained
within such plumes indicates that mixing events are associated with plume-plume
interactions, such as mergers, filamentation and shearing, caused by the cyatboes
associated with the plumes.

Comparison of terms in the vertical momentum equation indicate that buoyancydbirge

on the plume is largely balanced by a combination of pressure drag and momentum exchange
with the environment. The resultaatceleration is thefere significantly reduced. Our
solutions of strongly rotating penetrative convection (Julien, etl@96) have previously
indicated significantly less penetrativenvection as the Rossby number is decreased: both
increased detrainment of plume fluid, and suppressed pheoeleration are possible
candidatesor this decreased penetration;

3. Simulated Synthetic Aperture Radar (SABIE
The simulated SAR images reveal clearly thrergy shear and strain in the aoé velocity
fields of localized conveain, assoeited with the generation of cyclomrticity in the
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regions converging into plume and baroclinic eddy dowimgeregions. Eddiesfronts and
plumes can all be identified and differentiated in these regions;

4. Behavior of floats in convecting flows

Our investigations of isobaric floats in the presence of convection localized by mesoscale
eddies reveal a tendency for floats to congtegn the onvergent regions assatéd with
downwellingfronts. These fronts are assaeid with cooler than average fluid - hence the
ensemble mean temperature measured by the floats diverges from the Eulerian mean, an
important consideration when interpreting observations made by such isobaric floats. In flows
with considerable eddy structure, the dispersion of floats can also reveal the proassslof |
exchange and restratification; and

5. Temperature and salinity fine-structure

The addition of compensating Temperature and Salinity signatures to the eddy field provides
a means of distinguishing water-masses originating from thacgjrthe @dy interior and the
ambient flow. Within a region of approxately unform density, fluid having its origins in
these different areas may be found, leading to significant small-scale structure in the
temperature and salinity fields, as a result of the incomplete nature of mixing (see Figure 2).
For example, within an eddy geaérd through instalily of a weakly stratified
preconditioning eddy, fluid of a particular density consists of a combinatioateffrom the
preconditioned interior uninfluenced by the swdforcing, water originallyfrom the surface

made denser through the so€ cooling and advected downward along r@giomafront, and
waterfrom the deeper layers of the exterior fluid, upwelled in broader regions. Geostrophic
eddy activity stirs these different water masses together, generating interleaving filaments of
each water type. Theorizontal scales of varidity are being compared with those noted in

the observations (Pickart, private communma)tj and timescales for persistence of these
structures estimated.

IMPACT/APPLICATION

Our research on convectivdynamics should improve understanding of both the observed
features of convean, and the net eftts of these small-scale features on water mass
transformation. This understanding provides a firmer basis for predictions of sub-polar
circulations and tracer distributions and the global thermohaline circulation.

TRANSITIONS

In September 1997, Legg moved to Woods Hole Oceanographic Institution, to take up an
assistant scientist appointment. Our FY1998 continuation of this githtihevefore be divided
between the two institutions (UCLA and WHOI) with Legg taking respdmgitbor the WHOI
component. Legg subtted a separateroposal for this component in August.

RELATED PROJECTS
The following is a list of relategrojects:

1. ONR Deep Convection ARI



Office of Naval Research Space and Remote Sensing

3.

1997 Annual Report

Our simulations of convection localized by one or more mesoscale eddies provide scenarios
for comparison with observations, both of the small scale velocity and temperature fields, and
remote sensing signatures of the chimney scale circulation and baroclinic mstability eddies.
These simulations encourage the evaluation of the pre-convection eddy field for comparison
with the later localized convection regions. Our plume structure analysis provides detailed
statistics on plume property distributions, for comparison with data from observations;

ONR Marine Boundary Layer ARI:

Our studies of deep convection driven by surface cooling overlap with studies of the oceanic
and atmospheric planetary boundary layers. We are engaged i a long-standing partnership
with Chin-Hoh Moeng and Peter Sullivan of NCAR, making Large Eddy Simulations of
boundary-layer turbulence and comparisons with the field observations made m this program;
and

NSF High Performance Computing and Communications (HPCC):
Our research mto the small-scale features of turbulent penetrative convection contmues to
provide mteraction with our colleagues Keith Julien and Joe Werne, as part of the University

of Colorado/NCAR/UCLA NSF HPCC Grand Challenge project.
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Figure 1. (a) The entrainment coefficient oo == where V. is the entrainment velocity, and W is

W
Ux

the vertical velocity of a plume, and (b) the mixing coefficient ox = ; where Uy i1s the mixing

velocity and W is the vertcal velocity of a plume.

Entrainment leads to an expansion of a plume, while mixing modifies plume density
with no volume change. Results are shown for simulations of convective plume
ensembles at several different values of convective Rossby number. Note, the reduction
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shown as a function of radial and vertical distance. A dense asimuthally symmetric eddy
associated with temperature and salinity anomaliéséed by a uniform sugice heat

loss. Slant-wise interleaving and eddying assed with baroclinic instalily lead to

strong compensating varidity in T and S. Hence variability in aF 3S is significantly
greater than variality in (p — po) / po. Parameters are showron-dimensionalized by

the surfacduoyancy loss.



